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Introduction

Campylobacter is recognized as a major cause of acute
bacterial gastroenteritis in humans worldwide (Friedman
et al. 2000). Campylobacter coli and Campylobacter jejuni
are commonly associated with human illness and produce
similar symptoms. Clinical signs include abdominal pain,
fever, malaise, nausea, vomiting and diarrhoea (Skirrow
and Blaser 2000). Most patients recover in less than a
week, but up to 20% may relapse or experience prolonged
or severe illness requiring antibiotic therapy. Fluoro-
quinolones are commonly used for human treatment
of campylobacteriosis, and as such, resistance to fluoroqu-
inolones is an emerging public health concern (Skirrow

and Blaser 2000).
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Abstract

Aims: The aim of this study was to identify point mutations in the gyrA quino-
lone resistance determining region (QRDR) of Campylobacter coli (n = 27) and
Campylobacter jejuni (n = 26) that confer nalidixic acid (NAL) resistance with-
out conferring resistance to ciprofloxacin (CIP).

Methods and Results: Point mutations in the QRDR of gyrA from C. coli and
C. jejuni isolates were identified by direct sequencing. All isolates (n = 14) with
inhibitory ~concentrations (MICs) >4 ugml™' for CIP and
>32 ug ml~" for NAL possessed a missense mutation leading to substitution of
Ile for Thr at codon 86. Three isolates with a missense mutation leading to a
Thr86Ala substitution had MICs <4 ug ml™" for CIP and >32 ug ml™' for
NAL.

Conclusions: These data confirm previous findings that Thr86lle mutations
confer resistance to both CIP and NAL. However, resistance to NAL alone was
conferred by a single Thr86Ala mutation.

Significance and Impact of the Study: Resistance to NAL alone arises inde-

minimum

pendently from CIP resistance. In addition, the role of other previously des-
cribed point mutations in quinolone resistance is discussed.

Quinolones and fluoroquinolones directly inhibit DNA
synthesis by interfering with DNA gyrase, a type II topo-
isomerase (Maxwell 1992). In C. coli and C. jejuni, resist-
ance to the quinolone nalidixic acid (NAL) and the
fluoroquinolone ciprofloxacin (CIP) is most commonly
attributed to a single base mutation of the gyrA gene at
codon 86, which produces an amino acid substitution of
isoleucine for threonine (Zirnstein et al. 1999,2000; Niwa
et al. 2003; Padungtod et al. 2003; Chuma et al. 2004;
Payot et al. 2004). In addition to isoleucine, alanine (Beck-
mann et al. 2004; Chu et al. 2004; Mclver et al. 2004) and
lysine (Luo et al. 2003; Chu et al. 2004) have also been
reported as amino acid substitutions for threonine and
may be associated with resistance to CIP and NAL in Cam-
pylobacter. Additionally, point mutations in gyrA that
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produce amino acid substitutions at codon 70 (Ala — Thr)
(Wang et al. 1993), codon 90 (Asp — Asn) (Wang et al.
1993; Hakanen et al. 2002; Luo et al. 2003; Beckmann et al.
2004; Mclver et al. 2004) and codon 104 (Pro — Ser)
(Zirnstein et al. 1999; Hakanen et al. 2002; Piddock et al.
2003; Beckmann et al. 2004) have been observed. Ge et al.
(2003) have also reported amino acid substitutions at
codon 22 (Ser — Gly), codon 203 (Asn — Ser) and codon
206 (Ala — Thr) caused by point mutations in gyrA.

This study was conducted to examine the sequences of
gyrA from C. coli and C. jejuni isolates with varying levels
of resistance to CIP and NAL. PCR primers were
designed that can be used to amplify and sequence gyrA
from both C. coli and C. jejuni, including the region of
gyrA upstream of the quinolone resistance determining
region (QRDR). To date, the C. coli sequences submitted
to GenBank have not included the gyrA start codon
(accession numbers AF092101, AJ491808 and AY575048),
and this portion of the gene is included in the amplicon.

Materials and methods

Bacterial strains and culture conditions

A total of 27 C. coli isolates and 26 C. jejuni isolates from
chicken carcass rinses and beef cattle faeces were selected
from the Campylobacter collection at the USDA-ARS
Russell Research Center in Athens, GA. Isolates were cho-
sen for resistance to both CIP and NAL, resistance to
NAL only, or resistance to neither CIP nor NAL, deter-
mined as described below. The isolates were diverse in
origin and epidemiologically unrelated: strains were isola-
ted in 1999, 2000 or 2002 from samples collected in 17
US states. Campylobacter isolates were routinely stored as
frozen stocks at —80°C in Mueller-Hinton broth supple-
mented with 10% glycerol. Campylobacter isolates were
recovered from frozen stocks on Campy-Cefex agar plates
(Stern et al. 1992) and incubated under microaerobic
conditions (5% O,, 10% CO, and 85% N,) in zip-top
bags for 48 h at 42°C. Single isolates were plated onto
fresh Campy-Cefex plates, incubated as described previ-
ously, and used for species confirmation and antimicro-
bial resistance assays. Speciation of Campylobacter isolates
was performed using the Campylobacter BAX® PCR
(DuPont™ Qualicon, Wilmington, DE, USA) as previ-
ously described (Englen and Fedorka-Cray 2002).

Antimicrobial susceptibility testing

Isolates were tested for antimicrobial susceptibility using
the E test (AB-Biodisk, Piscataway, NJ, USA) according
to manufacturer’s directions. The E test method has been
shown to give results comparable to other methods such
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as agar dilution for Campylobacter (Luber et al. 2003;
Oncul et al. 2003). In brief, 150 mm Mueller-Hinton +
5% lysed horse blood plates (BD Diagnostic Systems,
Sparks, MD, USA) were inoculated with 100 ul of a cell
suspension equivalent to a 1-0 McFarland standard. The
inoculum was swabbed evenly across the entire plate sur-
face. E test strips were brought to room temperature from
—20°C storage before use. Two strips were laid at 180°
angles onto each plate. The plates were placed in zip-top
bags and incubated microaerobically for 48 h at 42°C as
described previously. Following incubation, the point at
which the zone of growth inhibition intersected the strip
was read as the minimum inhibitory concentration (MIC)
of the antimicrobial in pug ml™'. The MICs for the
respective resistant break points were those as reported
in the CDC NARMS 2001 Annual Report (http://www.
cdc.gov/narms/annuals.htm): CIP, >4 ug ml™' and NAL,
>32 ug ml™". Colonies of C. coli and C. jejuni were collec-
ted from the E test plates and used for genomic DNA
isolation.

DNA isolation and gyrA PCR conditions

Genomic DNA was isolated from each of the C. coli and
C. jejuni isolates with the Puregene DNA isolation kit (Gen-
tra Systems, Minneapolis, MN, USA) according to manu-
facturer’s directions. The C. jejuni gyrA GenBank sequence
L04566 was analysed to design PCR primers for the ampli-
fication of a region of gyrA that included the QRDR. The
PCR primers gyrAF, 5-GCT CTT GTT TTA GCT TGA
TGC A-3’, and gyrAR, 5’-TTG TCG CCA TC CTA CAG
CTA-3’, generate a 620 bp PCR product, including the
210 bp gyrA QRDR (Wang et al. 1993) from C. jejuni and
C. coli. The PCR reactions contained 1 ul prepared geno-
mic DNA (~200 ng), 5 ul 10x PCR buffer, 2 yl 10 mM
dNTPs, 50 pmol each primer, 0-5 ul JumpStart Taq polym-
erase (Sigma, St. Louis, MO, USA) and water to a final
volume of 50 ul. PCRs were carried out on an Applied Bio-
systems GeneAmp PCR Sytem 9700 under the following
conditions: an initial denaturation step at 94°C for 5 min,
followed by 30 cycles of 94°C for 30 s, 57°C for 30 s and
72°C for 30 s, followed by a final extension of 72°C for
7 min. Five microlitre samples from each PCR were ana-
lyzed by horizontal gel electrophoresis followed by staining
with ethidium bromide.

DNA sequencing and sequence analysis

The remainder of each PCR reaction for gyrA was purified
using the QIAquick PCR purification system (Qiagen,
Valencia, CA, USA) for use in sequencing reactions.
Sequencing reactions were carried out using the BigDye
Terminator 1-1 Cycle Sequencing Kit (Applied Biosystems,
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Foster City, CA, USA) according to manufacturer’s direc-
tions. Duplicate forward and reverse sequencing reactions
were run with primers gyrAF and gyrAR, respectively, for
each isolate. Labelled sequencing reactions were purified
via ethanol precipitation and run on an ABI Prism 3100
Genetic Analyzer. DNA sequences were analyzed with Vec-
tor NTI Suite (Invitrogen, Carlsbad, CA, USA). Consensus
sequences were determined for C. coli and C. jejuni gyrA,
and observed gyrA base pair changes were assigned based
on deviation from consensus.

Results

Resistance to ciprofloxacin and nalidixic acid

The isolates used in this study and their respective MICs
for CIP and NAL are shown in Table 1. Of the 53 isolates
tested, eleven isolates (MTL03, MTL05, MTL06, MTLO09,
MTL18, MTL31, MTL32, MTL35, MTL38, MTL41 and
MTL49) had MICs <4 ug ml™' for CIP and >32 ug ml™
for NAL. Fourteen isolates (MTL07, MTL08, MTLI14,
MTL15, MTL21, MTL23, MTL27, MTL30, MTL34,
MTL37, MTL40, MTL42, MTL45 and MTL52) had MICs
>4 pug ml™" for CIP and >32 ug ml™' for NAL. The remain-
ing 28 isolates had MICs <4 ug ml™' for CIP and
<32 ug ml™" for NAL. No isolates resistant solely to CIP
were observed.

Sequence of gyrA from C. coli and C. jejuni isolates

An alignment of the deduced amino acid consensus
sequences of C. coli and C. jejuni GyrA from this study
with published sequences are shown in Fig. 1. The
observed C. coli and C. jejuni GyrA deduced amino acid
consensus sequences share 86% similarity. The deduced
C. coli GyrA sequence shares 86, 89 and 100% similarity
with GyrA from C. jejuni NCTC 11168, C. fetus U25640
and C. coli RM2228, respectively, while the deduced C.
jejuni GyrA sequence shares 99, 87 and 85% similarity
with GyrA from C. jejuni NCTC 11168, C. fetus U25640
and C. coli RM2228, respectively.

The observed sequences of gyrA codons Ser22 and
Thr86 with their respective amino acids in the GyrA
QRDRs for all isolates are shown in Table 1. A Thr86lle
(ACT — ATT) missense mutation was observed in
sequences from C. coli isolates MTL07, MTL08, MTL14,
MTL15, MTL21, MTL23 and MTL27. A Thr86lle
(ACA — ATA) missense mutation was observed in
sequences from C. jejuni isolates MTL30, MTL34, MTL37,
MTL40, MTL42, MTL45 and MTL52. A Thr86Ala
(ACA —» GCA) missense mutation was observed in
sequences from C. jejuni strains MTL35, MTL38 and
MTLA41. In addition, a Ser22Gly (AGT — GGT) missense
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Table 1 Campylobacter isolates used in this study, CIP and NAL
MICs, and sequences of gyrA codons 22 and 86

AA (codon
MIC pug ml™" sequence)
Isolate Species Source clp NAL Ser22 Thr86
MTL25 C. coli Chicken 0-047 15 S(AGT) T(ACT)
MTL17  C coli Chicken 0-047 24 S(AGT) T(ACT)
MTL26 C. coli Cattle 0-064 2 S(AGT) T(ACT)
MTL18  C. coli Chicken 0-064 256 S(AGT) T(ACT)
MTLO1 C. coli Chicken 0-094 12 S(AGT) T(ACT)
MTL24  C coli Chicken 0-094 12 S(AGT) T(ACT)
MTLO5 C. coli Chicken 0-094 128 S(AGT) T(ACT)
MTL20  C. coli Chicken 0-125 6 S(AGT) T(ACT)
MTL11 C. coli Chicken 0125 8 S(AGT) T(ACT)
MTLO2  C. coli Chicken 0-125 12 S(AGT) T(ACT)
MTL13 C. coli Chicken 0-125 16 S(AGT) T(ACT)
MTLO9  C coli Chicken 0-125 64 S(AGT) T(ACT)
MTLO6 C. coli Chicken 0125 256 S(AGT) T(ACT)
MTL10  C coli Chicken 0-19 4 S(AGT) T(ACT)
MTL22 C. coli Chicken 019 6 S(AGT) T(ACT)
MTL12  C coli Chicken 0-19 8 S(AGT) T(ACT)
MTL16 C. coli Chicken 019 16 S(AGT) T(ACT)
MTLO4 C. coli Chicken 019 24 S(AGT) T(ACT)
MTL19 C. coli Chicken 0-25 6 S(AGT) T(ACT)
MTLO3  C. coli Chicken 0-5 48 S(AGT) T(ACT)
MTLO7 C. coli Chicken 32 256 S(AGT) I(ATT)
MTLO8  C. coli Chicken 32 256 S(AGT) I(ATT)
MTL14 C. coli Chicken 32 256 S(AGT) I(ATT)
MTL15 C. coli Chicken 32 256 S(AGT) I(ATT)
MTL21 C. coli Chicken 32 256 S(AGT) I(ATT)
MTL23  C coli Chicken 32 256 S(AGT) I(ATT)
MTL27 C. coli Cattle 32 256 S(AGT) I(ATT)
MTL29 C. jejuni Chicken 0-023 1 S(AGT) T(ACA)
MTL43  C jejuni  Chicken 0-047 1.5  S(AGT) T(ACA)
MTL44  C jejuni  Chicken 0-047 1.5  S(AGT) T(ACA)
MTL36 C. jejuni Chicken 0-047 8 S(AGT) T(ACA)
MTL39 C. jejuni Chicken 0-047 8 S(AGT) T(ACA)
MTL41 C. jejuni  Chicken 0094 256 S(AGT) A(GCA)
MTL47 C. jejuni Cattle 0125 6 S(AGT) T(ACA)
MTL53  C jejuni  Cattle 0-125 8 S(AGT) T(ACA)
MTL50 C. jejuni Cattle 0-125 12 S(AGT) T(ACA)
MTL33 C. jejuni Chicken 0147 3 S(AGT) T(ACA)
MTL48 C. jejuni Cattle 019 4 S(AGT) T(ACA)
MTL32  C jejuni  Chicken 0-19 64 S(AGT) T(ACA)
MTL31 C. jejuni Chicken 0-19 256 S(AGT) T(ACA)
MTL35  C jejuni  Chicken 0-19 256 G(GGT)  A(GCA)
MTL28 C. jejuni Chicken 0-25 6 S(AGT) T(ACA)
MTL46  C jejuni  Cattle 0-25 16 S(AGT) T(ACA)
MTL51 C. jejuni Cattle 0-32 2 S(AGT) T(ACA)
MTL49  C jejuni  Cattle 0-38 32 S(AGT) T(ACA)
MTL38 C. jejuni Chicken 075 256 S(AGT) A(GCA)
MTL30  C jejuni  Chicken 32 256 G(GGT)  I(ATT)
MTL34 C. jejuni Chicken 32 256 G(GGT) I(ATT)
MTL37  C jejuni  Chicken 32 256 S(AGT) I(ATT)
MTL40 C. jejuni Chicken 32 256 S(AGT) I(ATT)
MTL42  C jejuni  Chicken 32 256 S(AGT) I(ATT)
MTL45 C. jejuni Chicken 32 256 G(GGT) I(ATT)
MTL52  C jejuni  Cattle 32 256 S(AGT) I(ATT)

CIP, ciprofloxacin; NAL, nalidixic acid. Observed mutations are shown in
bold.
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C.coli -MENIFNKDSDIELIDIENSIKSSYLDYSMSVIIGRALPDARDGLKPVHR NDLG
RM2228 ~-MENIFNKDSDIELIDIENSIKSSYLDYSMSVIIGRALPDARDGLKPVHR NDLG
U25640 MEENIFSSNQDIDAIDVEDST
C.jejuni ~-MENIFSKDSDIELVDIENSIKSSYLDYSMSVIIGRALPDARDGLKPVHR ONDE
11168 -MENIFSKDSDIELVDIENSIKSSYLDYSMSVIIGRALPDARDGLKPVHR QNDE
S.enterica --—-MSDLAREITPVNIEEELKSSYLDYAMSV
E.coli -—--MSDLAREITPVNIEEELKSSYLDYAM
* *
v
C.coli VGSRSAYKKSARIVGDVIGKYHPHGDTAVYDALVRMAQDFSMRYPSIDGQGNFGSIDGDG
RM2228 VGSRSAYKKSARIVGDVIGKYHPHGDTAVYDALVRMAQDFSMRYPSIDGQGNFGSIDGDG
U25640 VGSRSPYKKSARIVGDVIGKY
C.jejuni AKSRTDFVKSARIVGAVIGRYHPHGDTAVYDALVRMAQDFSMRYPSITGQGNFGSIDGDS
11168 AKSRTDFVKSARIVGAVIGRYHPHGDTAVYDALVRMAQDFSMRYPSITGQGNFGSIDGDS
S.enterica NDWNKAYKKSARVVGDVIGKYHPHGDSAVYDT
E.coli NDWNKAYKKSARVVGDVIGKYHPHGDSAVY
* Kk Kk x * Kk kkk Kk
A
C.coli AAAMRYTEARMT ILAEELLRDIDKDTVDFVPNYDDSMSEPDVLPARVPNLLLNGSSGIAV
RM2228 AAAMRYTEARMT ILAEELLRDIDKDTVDFVPNYDDSMSEPDVLPARVPNLLLNGSSGIAV
U25640 AAAMRYTEARMTVLAEELLRD
C.jejuni AAAMRYTEAKMSKLSHELLKDIDKDTVDFVPNYDGSESEPDVLPSRVPNLLLNGSSGIAV
11168 AAAMRYTEAKMSKLSHELLKDIDKDTVDFVPNYDGSESEPDVLPSRVPNLLLNGSSGIAV
S.enterica AAAMRYTEIRLAKIAHELMADLEKETVDFVDN
E.coli AAAMRYTEIRLAKIAHELMADLEKETVDEV
* Kk ok Kk k Kk ok k * % *
C.coli GMAT
RM2228 GMAT
U25640 GMAT
C.jejuni GMAT
11168 GMAT
S.enterica GMAT
E.coli GMAT

* %k x

Figure 1 Alignment of C. coli and C. jejuni GyrA deduced amino acid consensus sequences from this study, with published GyrA sequences. C.
coli, consensus C. coli amino acid sequence from this study; C. jejuni, consensus C. jejuni amino acid sequence from this study; RM2228, C. coli
RM2228, accession number NZ_AAFLO0000000; 11168, C. jejuni NCTC11168, accession number AL139077; U25640, Campylobacter fetus,
accession number U25640; S. enterica, Salmonella enterica Typhimurium LT2, accession number AE008801; E. coli, Escherichia coli CFT073, acces-
sion number AE016763. *, 100% similarity; V¥, Ser83/Thr86; A, Asp87/Asp90. Similar amino acids found in C. coli and C. jejuni are in bold.

mutation was observed in sequences from C. jejuni iso-
lates MTL30, MTL34, MTL35 and MTL45.

The observed silent mutations from this study are
shown in Table 2. A total of 26 C. jejuni isolates pos-
sessed one or more silent mutations, while 12 C. coli iso-
lates possessed one or more silent mutations. One isolate,
C. jejuni MTL44, was found to possess eight silent muta-
tions. In C. coli isolates MTL05, MTL06, MTL26 and
MTL27, a silent mutation at Phe99 (TTC — TTT) was
observed. It should be noted that the Phe99 codon TTT
is found in C. jejuni.

Amino acid sequence of gyrA and resistance to
ciprofloxacin and nalidixic acid

The deduced amino acid sequences were compared to the
MICs of CIP and NAL for each of the isolates (Table 1). All

C. coli and C. jejuni isolates with MICs >4 ug ml™" for CIP
and >32 ug ml™" for NAL had the Thr86lle substitution. C.
jejuni MTL35, MTL38 and MTL41 had a Thr86Ala substi-
tution and had MICs <4 ug ml™" for CIP and >32 ug ml™'
for NAL. Interestingly, eight isolates (MTL03, MTLOS5,
MTL06, MTL09, MTL18, MTL31, MTL32 and MTL49)
had MICs >32 ug ml™' for NAL, but no detectable gyrA
mutations. The Ser22Gly substitutions appeared to have no
affect on quinolone resistance, as each of these isolates also
possessed either the Thr86Ile (MTL30, MTL34 and
MTL45) or Thr86Ala (MTL35) substitution, which accoun-
ted for the observed CIP and NAL MICs.

Discussion

A number of studies have examined the mechanisms of
quinolone resistance in Campylobacter, with the majority
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Table 2 Silent mutations detected in this study. Mutations are based on deviation from consensus sequence for C. jejuni or C. coli

686

Codon/Consensus sequence

No. of

39 GAC 67 GTC 78 GGT 81 CAC 82 CCA 92 TTG 99* TTT/TTC 110 GGC 117 GGT 119 AGC 120 GCC 136 GAG 157 AGT 161 GTT 166 GTG 22 AGT 861 ACA/ACT

Source

Isolates Species

GGC AGT GCT

GGT

TTA

CCG

GTT

Chicken GAT

Cattle

GGC

GTC
GTC
GTC
GTC
GTC

GCT
GCT
GCT
GCT
GCT

CAT
CAT
CAT
CAT
CAT

Chicken

GCA
GCA
ATA
ATA

Chicken

GGT
GGT

Chicken

Chicken

Chicken
Cattle
Cattle

AGC

AGT

GAA
GAA

ATA

C. jejun
C. jejun
C. jejun
C. jejun
C. jejun
C. jejun
C. jejun
C. jejun
C. jejun

1
1
4
2

3
3
7
3

1

GTA

AGC

Chicken GAT

C. co

ATT
GTA ATT
ATT

AGC

Chicken GAT
Chicken GAT
Chicken GAT

*TTT is used by C. jejuni at codon 99, TTC is used by C. coli at codon 99. tACA is used by C. jejuni at codon 86, ACT is used by C. coli at codon 86. Missense mutations are shown in bold.
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focused on point mutations in gyrA that lead to resistance
to these antibiotics (Zirnstein et al. 1999,2000). As in pre-
vious reports, we found that the Thr86Ile GyrA substitu-
tion was the most common mutation among C. coli and
C. jejuni isolates resistant to both CIP and NAL. How-
ever, previous studies have failed to distinguish gyrA
mutations that confer only NAL resistance and those that
also confer cross-resistance to CIP. For example, several
studies identified gyrA mutations that were associated
with CIP resistance in Campylobacter, but provided no
data on NAL resistance (Ge et al. 2003; Piddock et al.
2003; Dionisi et al. 2004). Other reports have focused
specifically on detection of the Thr86lle gyrA mutation
(Wilson et al. 2000; Zirnstein et al. 2000). In order to dif-
ferentiate the mechanisms of resistance to NAL alone
from those that confer resistance to CIP, we examined
isolates that were only resistant to NAL. In three isolates,
a Thr86Ala GyrA substitution rather than the Thr86lle
substitution was found. The role of the Thr86Ala GyrA
substitution in NAL resistance has been described previ-
ously (Bachoual et al. 2001; Beckmann et al. 2004; Chu
et al. 2004; Mclver et al. 2004) and our results demon-
strate that this gyrA mutation confers NAL resistance, but
not CIP resistance.

Although gyrA mutations leading to Asp90 substitu-
tions were not detected in our study, Asp90 GyrA substi-
tutions have been identified in quinolone resistant
Campylobacter in previous studies (Wang et al. 1993;
Hakanen et al. 2002; Luo et al. 2003; Piddock et al. 2003;
Beckmann et al. 2004; Mclver et al. 2004). Just as codon
Thr86 in C. jejuni GyrA is equivalent to codon Ser83 in
Escherichia coli GyrA (Wang et al. 1993; Willmott and
Maxwell 1993), Asp90 in Campylobacter is equivalent to
Asp87 in E. coli (Wang et al. 1993) and Salmonella enteri-
ca Typhimurium LT2 (Fig. 1). Results from studies of
quinolone resistance in S. enterica (Hirose et al. 2002;
Ling et al. 2003) support previously described evidence
for the role of Asp90 GyrA substitutions in Campylobacter
quinolone resistance (Wang et al. 1993; Luo et al. 2003;
Beckmann et al. 2004; Mclver et al. 2004).

The contribution of other reported mutations in gyrA
to CIP and NAL resistance is unclear, as multiple muta-
tions have often been reported together (Zirnstein et al.
1999; Hakanen et al. 2002; Ge et al. 2003; Beckmann
et al. 2004). The previously reported gyrA mutations lead-
ing to Vall49Ile, Asn203Ser, Ala206Val and Ala206Thr
amino acid substitutions (Ge et al. 2003) were not found
in our study. The concomitant occurrence of the majority
of these substitutions with the Thr86Ile GyrA substitution
and the fact that these mutations lie outside of the des-
cribed Campylobacter gyrA QRDR (Wang et al. 1993)
makes it difficult to draw conclusions as to their contri-
bution to quinolone resistance in Campylobacter. In
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addition, the mutation leading to the ProlO4Ser GyrA
substitution, although rare, is always accompanied by the
Thr86lle substitution in quinolone resistant human Cam-
pylobacter isolates (Zirnstein et al. 1999; Hakanen et al.
2002; Ge et al. 2003; Piddock et al. 2003; Beckmann et al.
2004). Similarly, the Ser22Gly GyrA substitution, observed
in isolates from chickens and turkeys (Ge, personal com-
munication), and detected in C. jejuni chicken isolates
from this study, is also found with the Thr86lle substitu-
tion in quinolone resistant strains. Ser22 gyrA mutations
have also been observed in CIP-sensitive Campylobacter
isolates (Dionisi et al. 2004). This suggests that the gyrA
mutations leading to Ser22Gly GyrA and Prol04Ser sub-
stitutions may not contribute to quinolone resistance, but
instead may be indicative of gyrA alleles found in poultry
and human Campylobacter isolates, respectively. Larger
numbers of isolates having these mutations are needed to
confirm this hypothesis.

The relationship between CmeB expression and
quinolone resistance has not been fully determined. Luo
et al. (2003) reported that the expression levels of
CmeB and CmeC from CIP-resistant and CIP-sensitive
Campylobacter chicken isolates were similar. In addition,
Pumbwe et al. (2004) found that only 9 of 32 mul-
tiple-antibiotic resistant C. jejuni isolates had increased
CmeB expression levels. The role of other quinolone
resistance mechanisms in Campylobacter has been stud-
ied extensively by Pumbwe and Piddock, who have sug-
gested that efflux pumps other than CmeABC, which
can be found in the published C. jejuni genome (Park-
hill ef al. 2000), may play a role in quinolone resistance
(Pumbwe and Piddock 2002; Pumbwe et al. 2004).
Most recently, Pumbwe et al. (2005) reported new evi-
dence for multiple-antibiotic resistance in C. jejuni not
mediated by the efflux pumps CmeABC or the newly
identified CmeDEF. Hence, the involvement of efflux
pumps in conferring quinolone and fluoroquinolone
resistance in Campylobacter appears to be more com-
plex than previous studies have suggested.

Although it is well established that discrete point muta-
tions in gyrA can confer resistance to both CIP and NAL,
or to NAL alone, eight isolates were identified in the pre-
sent study with MICs <4 ygml™' for CIP and
>32 ug ml™" for NAL, but no detectable gyrA QRDR
mutations. Further investigation is clearly required to
fully define the mechanisms involved in CIP and NAL
resistance in Campylobacter.
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